The study aimed at determining whether aging and/or sedentariness impairs muscle fat oxidative capacity (OX FA ) and whether this was associated with increased risk to develop insulin resistance. We first examined muscle mitochondrial functions, OX FA and insulin sensitivity (ISI; evaluated during an oral glucose tolerance test) in a cross-sectional study with 32 sedentary (S) and endurance-trained (T), young (Y) and elderly (E) men (24.2±2.6 vs. 66.6±3.2 yr). As for mitochondrial functions, OX FA was higher in T than in S but similar between age groups (SY 41.8±11.3, TY 68.0±17.7, SE 40.1±14.1, TE 73.1±20.1 palmitate.min -1 .g wet tissue -1 ; activity P<0.0001, age P=NS, activity × age P=NS). Similar results were obtained with ISI (SY 6.2±2.2, TY 11.4±4.4, SE 5.9±1.5, TE 11.0±3.5, activity P<0.001, age P=NS, activity × age P=NS).
nsulin resistance in skeletal muscle is a major factor in the pathogenesis of type 2 diabetes. It precedes the clinical development of the disease by 10 to 20 years and has been related to increased body fatness, especially intramyocellular fat content (1, 2) . The crucial role of muscle fat oxidative capacity in systemic fat balance (3, 4) and insulin resistance (5) has been demonstrated. In obesity and type 2 diabetes, the metabolic capacity of the skeletal muscle appears to be organized toward fat esterification rather than oxidation (5) as a consequence of a reduction in muscle mitochondrial oxidative capacity (2, 6, 7) . Therefore, the link between insulin resistance and muscle mitochondrial dysfunction may involve an increased muscle fat I storage. Indeed, there is a growing body of evidence that muscle fat accumulation induces insulin resistance through a fat-activated alteration in the insulin signal transduction [review in (8) ].
A reduction in peripheral tissue insulin sensitivity is commonly described during aging (9) (10) (11) . The recent analysis from Petersen et al. (12) has suggested that age-related mitochondrial dysfunction is likely the pivotal perturbation to be studied in the etiology of insulin resistance during aging. Indeed, one of the main aging theories associates accumulation of oxidative damages to defects in the mitochondrial respiratory chain function (13) . These alterations have been described by several authors (14) (15) (16) (17) (18) (19) . However, because physical activity is not considered in most studies, age-related changes in lifestyle could be another cause for the decrease in muscle oxidative capacity and consequently in insulin sensitivity. Some authors have reported that the age-associated decline in mitochondrial function vanishes when physical activity level is taken into account (20, 21) , while others have described that muscle oxidative capacity is maintained in highly conditioned elderly men compared with young athletes (22, 23) .
The study was designed to determine whether muscle mitochondrial functions and fat oxidative capacity were impaired by age per se or by changes in life style, and whether they were associated with reduced insulin sensitivity. We first investigated four groups of young and elderly healthy subjects rigorously selected on their physical activity, in which muscle mitochondrial functions, muscle fat oxidative capacity, and insulin sensitivity were conjointly assessed. Thereafter, we examined in a longitudinal study involving elderly sedentary healthy subjects, whether endurance training could result in a parallel improvement in muscle fat oxidative capacity and insulin sensitivity. Our purpose was to confirm that physical activityinduced increase in muscle fat oxidative capacity is closely associated with enhanced insulin sensitivity in healthy individuals. , and cytochrome c were supplied by Boeringer-Mannheim (Meylan, France). Antimycin A, acetyl-CoA, fatty acid-free bovine serum albumin, L-carnitine, palmitic acid, rotenone, oxaloacetate, L-malate, and CoA were purchased from Sigma (St. Louis, MO). Other chemicals used were of the highest grade commercially available.
MATERIALS AND METHODS

Chemicals
Subjects
Study 1
Sixteen healthy non-obese elderly men (66.9±3.4 yr) and 16 healthy non-obese young men (24.6±2.8 yr) participated in the first study. In the two age groups, 10 subjects were sedentary, that is, they did not participate in any regular physical exercise program and 6 subjects regularly practiced one or several endurance activities such as running, cycling, and swimming >5 h/wk.
Study 2
Eight healthy non-obese elderly sedentary people (5 men and 3 postmenopausal women, 63.5±3.3 yr) participated in the second study. All complied to the training protocol and no dropout was observed.
All subjects had normal physical and medical examination. They were nonsmokers, not suffering from any diagnosed disease, and under no medication known to influence energy and lipid metabolism. Subjects were finally included in the studies after maximal oxygen consumption (VO 2max ) tests were performed. Indeed, to fully discriminate the sedentary subjects from the active ones, upper or lower limits for VO 2max were fixed on beforehand according to Coggan et al. (22) : VO 2max had to be lower than 40 and 30 ml.min -1 .kg body weight (BW) -1 in the young and elderly sedentary subjects, respectively, whereas it had to be higher than 50 and 40 ml.min -1 .kg BW -1 in young and elderly active individuals, respectively. The nature and potential risks of the study were fully explained, and written informed consent was obtained from each participant. The experimental protocols were approved by the ethical committee of Clermont-Ferrand (n. AU214 and AU433) and performed according to the principles expressed in the Declaration of Helsinki and to the French legislation (Huriet Law).
General study design
After medical examination, VO 2max was measured and definitive inclusion was confirmed. Then, the subjects were placed on a controlled diet three days before and throughout the measurement period in order to normalize their nutritional intakes.
Study 1
Measurements were performed at least one week after VO 2max was assessed. A 75 g oral glucose tolerance test (OGTT) of 3 h was performed after an overnight fast and body composition was measured the same day. A muscle biopsy was performed after an overnight fast, two days after the OGTT.
Study 2
The following measurements were performed before and after completion of eight weeks of endurance training, using the same schedule as Study 1. The euglycemic-hyperinsulinemic clamp was performed after an overnight fast, three days after the last exercise training session. Body composition was measured the same day. The muscle biopsy was performed after an overnight fast two days after the clamp. Training effects on VO 2max were evaluated at least one week apart from the latter measurements.
Physical activity characterization
Activity questionnaire
The Baecke activity questionnaire (24) was used to calculate the time spent exercising per week and to determine the type of activities performed on a weekly basis. Sport index had to be lower than 1.5 for the sedentary subjects, and higher than 7 for the endurance-trained individuals (4).
Maximal aerobic power test
The tests were all performed on the same cycloergometer (Ergomeca, Monark, Sweden) under cardiovascular supervision by a cardiologist, as described previously (25) . Lactic threshold and the corresponding heart rate and power output were determined for Study 2 and used as guidelines for subsequent individualized training.
Controlled diet
The controlled diet was balanced in lipids (35% of energy), carbohydrates (50%), and proteins (15%) and was calculated to cover the subjects' energy needs on a personal basis, as described previously (25) .
Body composition measurements
Body mass was measured to the nearest 0.1 kg on SECA 709 or 812 scales (SECA, Les Mureaux, France). Height was measured to the nearest 0.5 cm. A transverse scan of total body was performed by using DEXA (Hologic QDR 4500 X-Ray bone densimeter, Hologic, Waltham, MA) for determination of total and regional (arms, legs, and trunk) body composition, as described previously (25) . The contribution of truncal fat mass to total fat mass was assessed (% truncal fat).
Insulin sensitivity
Study 1
After an overnight fast, volunteers were submitted to a 3 h oral glucose tolerance test (75 g glucose) with measurement of blood insulin and glucose at baseline and at 30-min intervals starting after the glucose load. Insulin sensitivity index was calculated by using the formulas proposed by Matsuda and DeFronzo (26), Soonthornpun et al. (27) , Belfiore et al. (28) , and Cederholm and Wibell (29) .
Study 2
Data were collected after an overnight fast with subjects resting in the post-absorptive state, as described previously (11) . Continuous infusion of insulin was given for 3 h at a rate of 1 mU.min -1 .kg BW -1 to achieve a plasma insulin increment of 50 µU.ml -1 . The plasma glucose concentration was determined every 5 min using a glucose oxidase method (glucose analyzer 2, Beckman, Fullerton, CA) and was maintained constant by a periodic adjustment of a 20% glucose infusion according to the negative feedback principle. A primed continuous infusion of ]glucose enrichment was measured by selected ion-monitoring electron transport gas chromatography-mass spectrometry (5971A, Hewlett-Packard Co., Palo Alto, CA). Plasma insulin concentration was measured by RIA (CIS, Gif-sur-Yvette, France). Endogenous glucose production (EGP) and insulin-mediated glucose disposal rate (IMGD) were calculated from the dilution of labeled glucose in plasma by using a mono-compartment model and Steele's Eqs. (11) . IMGD was obtained by calculating total glucose flux considering the time changes in concentration and enrichment of plasma glucose. EGP was estimated by subtraction of the unlabeled glucose infusion rate from the total glucose rate of appearance.
Muscle biopsy and assays
Muscle biopsy
After an overnight fast, biopsies (150-300 mg) were obtained from the vastus lateralis muscle under local anesthetic (5 ml lidocaïne 2%) with a percutaneous needle.
Muscle fat oxidative capacity
Fresh muscle (90 mg) was homogenized in ice-cold buffer consisting of 0.25 M sucrose, 2 mM EDTA and 10 mM Tris HCl (pH 7.4) by using a Polytron PT 1200C homogenizer (Bioblock Scientific, Illkirch, France) for a few seconds at maximum power. [1- 14 C] palmitate oxidation by muscle homogenate was performed by using the method described previously (4). Total palmitate oxidation rate was expressed in nanomoles palmitate per gram of wet tissue per minute. All assays were performed in triplicate.
Muscle enzyme activities
Cytochrome c oxidase (COX), complex II, complex III, citrate synthase (CS), and β-hydroxyacyl-CoA dehydrogenase (HAD) activities were assayed spectrophotometrically on the above muscle homogenates (after storage at -80°C) as described by Rustin (30) and Morio (4) . Assays were performed at 37°C (except for HAD at 30°C), and enzyme activities were expressed in micromoles substrate per gram of wet tissue per minute.
Carnitine palmitoyltransferase I (CPT I) activity was measured by using modification of the method from Kim et al. (31) . This method measures the amount of palmitoyl-carnitine produced from palmitoyl-CoA and carnitine. Fresh muscle (50 mg) was homogenized in ice-cold incubation buffer containing 75 mM KCl, 5 mM HEPES, 2 mM KCN, 0.2 mM EGTA, 1 mM DTT, and 5 mM ATP (pH 7.3) using a Polytron PT 1200C homogenizer. A fivefold diluted muscle homogenate (50 µl) were preincubated for 5 min at 30°C with 350 µl of incubation buffer and 100 µl of 80 µM palmitoyl-CoA. Reactions were initiated when 50 µl of 10 mM L- 
Training program (Study 2)
The training program consisted of supervised cycling on a Monark cycloergometer three times a week for eight weeks (25) . All training sessions began with a 10 min warm-up and ended with a 10 min cooling-down period on the cycloergometer. During the 21-to 30-min long training exercise (in between the warm-up and cool-down periods), power output was adapted to achieve the target heart rate. The training exercise consisted of interval-training episodes alternating between the heart rate corresponding to 50% VO 2max for 5 min and the heart rate at lactic threshold for 3 min. Thereafter, intensity and duration of the interval-training episodes were gradually increased so that they alternated between the heart rate at lactic threshold and the heart rate above lactic threshold from the fifth week of training.
Statistical analysis
Results are reported as mean ± SD. In Study 1, two-way ANOVA was used to examine the effects of age (young vs. elderly) and physical activity (sedentary vs. active) on VO 2max , body composition, insulin sensitivity, and muscle assays. When significant age or/and physical activity effects were observed, a non-parametric test (Mann-Whitney U-test) was performed to confirm ANOVA results. However, for the clarity of the presentation and because all significant effects were confirmed, results from the non-parametric test are not shown. In Study 2, training effects on the various variables were tested by using the Wilcoxon signed rank paired test. Correlation coefficients are Pearson product-moment correlations. Stepwise regressions were performed to determine which variables (e.g., body composition, physical fitness, muscle biochemical characteristics) contributed independently to variation in palmitate oxidative capacity and to variation in insulin sensitivity index. Results were considered statistically significant at the 5% level. Statistics were performed by using Statview 5.0 (SAS Institute Inc., Cary, NC).
RESULTS
Study 1
Subject characteristics
Sport index was similar between young and elderly groups (4.4±5.6 vs. 4.0±4.3, respectively, P=NS) but significantly higher in trained individuals compared with sedentary ones (10.0±2.8 vs. 0.7±1.0, respectively, p<0.0001). Subject characteristics, body composition, and physical capacity are given in Table 1 . The elderly sedentary individuals had significantly higher BW and BMI compared with the three other groups. FM and % truncal fat were significantly higher, whereas % FFM, % MuM, and VO 2max .kg FFM -1 were significantly lower in elderly subjects compared with young adults. In addition, in the two age groups, FM and % truncal fat were significantly lower, whereas % FFM, % MuM, and VO 2max .kg FFM -1 were significantly higher in trained subjects compared with sedentary individuals.
Muscle metabolic activity
Muscle fat oxidative capacity
Muscle fat oxidative capacity (i.e., total oxidation rate of palmitate) in the four groups is shown in Fig. 1 . The two-way ANOVA analysis showed that muscle palmitate oxidative capacity was significantly affected by the level of physical training (P<0.0001) but not by age (P=NS) nor by an interaction between age and activity (P=NS). Muscle palmitate oxidative capacity was on average 45 ) and was similar between age groups.
Muscle enzyme activities
As presented in 
Insulin sensitivity
Insulin sensitivity index in the four groups is shown in Figs. 2 and 3 . The two-way ANOVA analysis showed that insulin sensitivity index was significantly affected by the level of physical training (P<0.001) but not by age (P=NS) nor by an interaction between age and activity (P=NS). Insulin sensitivity index (26) was on average 45.9% higher in active subjects (young trained: 11.4±4.4, elderly trained: 11.0±3.5) compared with sedentary individuals (young sedentary: 6.2±2, elderly sedentary: 5.9±1.5) and was similar between age groups.
Stepwise regression was performed in the pooled group (n=32) to determine which variables among body composition, VO 2max , muscle enzyme activities, and muscle palmitate oxidative capacity, contributed independently to variation in insulin sensitivity index. The analysis showed that muscle palmitate oxidative capacity and % truncal fat were the main predictors of insulin sensitivity index (Table 3 ). The correlation between muscle fat oxidative capacity and insulin sensitivity index is illustrated in Fig. 4 .
Study 2
Subject characteristics
Subject characteristics, physical capacity, and body composition before and after the training period are given in Table 4 . Training induced a significant increase in VO 2max .kg FFM -1 (+11.9±6.9%, range +3.5 to +25.6%; P<0.01). As estimated with DEXA, it improved body composition: increase in FFM (+1.2±1.3%, range +0.1 to +4.0%; P<0.05) and in muscle mass (+1.9±1.7%, range -0.1 to +4.0%; P<0.05), decrease in FM (-3.6±4.5%, range +3.2 to -11.3%; P<0.05) and %FM (-0.9±0.8 points, range +0.4 to -1.6 points; P<0.05). However, it did not altered significantly truncal fat (-5.5±7.2%, range +4.3 to -17.6%; P=0.06) and % truncal fat (-0.9±1.4 points, range +1.5 to -3.5 points; P=0.12).
Muscle fat oxidative capacity
As shown in Table 4 , muscle fat oxidative capacity increased significantly by 22.0±26.6% with training (range -4.1 to +76.9%; P<0.05).
Insulin sensitivity
Fasting plasma insulin concentration averaged 7.0±2.8 and 6.0±1.8 µU.ml -1 before and after training, respectively (P=NS). Plasma insulin concentration during the clamp averaged 62.3±16.5 and 52.1±8.2 µU.ml -1 before and after training, respectively (P=0.06). EGP was inhibited by insulin infusion before and after training (0.19±1.33 and 0.73±0.99 mg.min -1 .kg FFM -1 , respectively; P=NS vs. zero). As shown in Table 4 , IMGD increased significantly by 33.7±32.4% with training (range -7.5 to +97.8%; P<0.05). Training-induced changes in IMGD were positively correlated to increases in muscle palmitate oxidative capacity (r=0.79, P<0.01).
DISCUSSION
To precisely determine the effects of age per se on muscle fat oxidative capacity and insulin sensitivity, we first used a cross-sectional protocol based on a Latin square design in association with a rigorous selection on subjects' lifestyle. The principal conclusion arising from this experiment was that muscle mitochondrial functions, the resultant muscle fat oxidative capacity and insulin sensitivity, were not primarily impaired by age but by physical inactivity. In addition, our results indicated that, even in healthy people, insulin sensitivity was principally determined by muscle fat oxidative capacity. It was less tightly negatively correlated to % truncal fat mass. Therefore, these results support the hypothesis that muscle mitochondrial function, more specifically muscle ability to oxidize fat, is an important regulator of insulin sensitivity. To reinforce this conclusion, we subsequently showed in sedentary elderly subjects that muscle fat oxidative capacity and insulin sensitivity improved in parallel after eight weeks of endurance training. Consequently, interventions such as physical activity or pharmacological agents able to modulate oxidative capacities might be proposed to prevent metabolic disorders.
The euglycemic-hyperinsulinemic clamp combined with glucose tracer is the reference technique to determine the separate contributions of peripheral tissues (e.g., muscle) and the liver to wholebody insulin sensitivity. The oral glucose tolerance test is commonly used to evaluate wholebody glucose tolerance in vivo. Few equations have been validated from this test to assess peripheral insulin sensitivity in healthy people. These formulas have given reasonable (28, 29) to good (26, 27) correlations with the insulin clamp, possibly because hepatic and peripheral insulin sensitivity are reasonably equivalent in healthy individuals (26) . However, given the limitations of the insulin sensitivity indexes, we validated the conclusion from our first study in a trial that included eight weeks of endurance training, before and after which was insulin sensitivity measured using the euglycemic-hyperinsulinemic clamp.
The major difficulty in studying the effect of aging on muscle functions is to distinguish between the effect of age per se from the consequences of a natural decline in physical activity. In that context, numerous studies have investigated this issue until very recently (12, 32, 33) , and conclusions are still controversial. The strength of our demonstration is based on the fact that, in the first study, we matched the young and elderly people according to their physical training and their VO 2max .kg FFM -1 , while taking into account the physiological age-related decrease in VO 2max (22) . In agreement with other investigators (20-23, 32, 34) , our data confirmed that muscle mitochondrial functions (i.e., from the entry of fatty acids into the mitochondria to their oxidation into the respiratory chain) and the resultant muscle fat oxidative capacity are not altered by age per se and are maintained by sustained physical activity in the elderly. However because our measurements were performed in vitro under optimal conditions, we cannot exclude that in vivo mitochondrial function and ATP synthesis rate may be decreased with aging. Indeed, using in vivo magnetic resonance spectroscopy, two recent studies have reported an age-related decline in muscle oxidative capacity in sedentary people (12, 35) . Consequently, our results have to be confirmed in vivo by using the same rigorous characterization of the subjects' physical activity level. Yet, our data provide additional evidence that the age-related decline in muscle mitochondrial functions often described in a normal population (12, 14, 15, 17, 33, 35 ) may be primarily due to a reduction in physical activity.
We observed in agreement with only few studies (36, 37 ) that insulin sensitivity is not significantly impaired by age per se when the level of physical activity is taken into account. This finding is largely controversial as most studies have described a reduction in peripheral tissue insulin sensitivity with aging (9-11). However, as for muscle mitochondrial function, the main difficulty in studying the effect of aging on peripheral insulin sensitivity is to distinguish between the effect of age per se from the consequences of sedentary behaviors. Our data demonstrate that the age-related decline in insulin sensitivity may principally be the result of muscle de-conditioning due to physical inactivity.
Indeed, the major finding of the present study is that, even in healthy non-obese individuals, insulin sensitivity is closely determined by the muscle fat oxidative capacity. The ex vivo technique used to evaluate muscle fat oxidative capacity measures, in a partially preserved cellular environment, the maximal activity of the overall fatty acid oxidation pathway. The latter is mainly determined from the oxidative capacity of mitochondria but accounts also for the activity of peroxisomal β-oxidation. Therefore, despite divergent conclusions about the effect of age per se on muscle mitochondrial function possibly due to the characterization of the physical activity level of the subjects, our analysis corroborates the recent study from Petersen et al. (12) , which demonstrated in 29 sedentary healthy subjects that insulin resistance is associated with a substantial reduction in muscle mitochondrial oxidative activity. In addition, we suggest that, more than muscle mitochondrial oxidative capacity alone, the overall muscle fat oxidative capacity may be of importance in determining insulin sensitivity. The mechanistic explanation may involve an increased propensity to store intramuscular fat when muscle fat oxidation is reduced (2, 8, 38) . However, the paradox of the endurance-trained individuals [e.g., high muscle oxidative capacity and high insulin sensitivity despite high intramyocellular adiposity (39, 40) ], suggests that the mechanism may more specifically imply the cytosolic accumulation of fatty acid metabolites (e.g., diacylglycerol and ceramide) that are likely to disrupt early steps in insulin signal transduction (8, 41) . Diacylglycerol may block upstream signaling events by promoting the serine phosphorylation of IRS-1, whereas ceramide have been shown to inhibit insulin stimulation of Akt/Protein Kinase B (41) . The recent study from Chavez et al. (41) pointed out ceramide as the main intermediate linking saturated fat oversupply to the inhibition of insulin signaling. In addition, exercise training Wistar rats improves insulin sensitivity while markedly lowering intramuscular ceramide levels (42) . Therefore, the enhanced ability to oxidize intramuscular fat and fatty acid metabilites (e.g., ceramide) during exercise might be considered an important factor mediating the association between muscle fat oxidative capacity and insulin sensitivity.
The present study brings interesting observations concerning the association between insulin sensitivity and body fatness. Systematical studies on large cohort of aging subjects have related the reduced insulin sensitivity to increased body fatness (1). However in Study 1, despite a doubling of fat mass and truncal fat in the elderly groups compared with the young adults, insulin sensitivity was not significantly affected by age. Nevertheless, the statistical analysis showed in this cross-sectional study that % truncal fat was a minor but significant determinant of insulin sensitivity. The percentage of truncal fat informs about the relative distribution of fat between peripheral and abdominal (both subcutaneous and perivisceral) depots. In that respect, it is widely accepted that accumulation of visceral adiposity is associated with insulin resistance and increased risk of type 2 diabetes but the mechanisms are not clearly established. On the one hand, the portal/visceral hypothesis proposes that increased free fatty acid flux due to enhanced adiposity, particularly in the visceral depots, inhibits insulin action via Randle's effect in insulinsensitive tissues [review in (43) ]. On the other hand, impaired fat oxidation in muscle might promote truncal fat accumulation. Finally, recent data suggest that the adipocytokines (e.g., leptin, adiponectine, tumor necrosis factor α) secreted by the visceral adipose tissue may have potent systemic effects involved in the etiology of insulin resistance (44) .
The only age-related impairment observed in mitochondrial function was a 22% reduction in CS activity in the elderly compared with young adults. This reduction in CS activity with ageing is in agreement with previous results (15, 21) . As CS activity is usually used as an index of mitochondrial density, this indicates that mitochondrial density might decrease with age without causing significant decline in muscle oxidative capacity. In other words, an age-associated decrease in mitochondrial density might be compensated by an increase in the oxidative capacity per mitochondrion. To support this hypothesis, decreased mitochondrial volume fraction with age (measured by electron microscopy) with preserved maximal activity of key enzymes of the energy metabolism pathway have been described (45) . Hence, it might be considered that, more than CS, respiratory chain enzymes may be the main determinant of mitochondrial oxidative capacity.
In conclusion, muscle mitochondrial functions, muscle fat oxidative capacity, and insulin sensitivity were similar between young and elderly people matched for physical activity level, that is, sedentary or endurance-trained. Muscle fat oxidative capacity was the primary determinant of insulin sensitivity, whereas the magnitude of the abdominal fat depot was a secondary predictor. In addition, physical training induced a parallel increase in muscle fat oxidative capacity and peripheral insulin sensitivity in elderly sedentary subjects. Therefore, these results support the hypothesis that muscle ability to metabolize and oxidize fat is an important regulator of peripheral insulin sensitivity. Furthermore, the present study stresses the importance of physical activity in the prevention of muscle de-conditioning and metabolic disorders in young and elderly populations, with particular concerns for young populations that prematurely develop insulin resistance and type 2 diabetes (46, 47). Results are means ± SD; BMI, body mass index; FFM, fat-free mass; MuM, muscle mass; FM, fat mass; VO 2max , maximal oxygen uptake; IMGD, insulin-mediated glucose disposal. (29) . There was a highly significant difference between sedentary and active subjects ( ‡ P<0.001; §P<0.001) but no significant effect of age. 
